Introduction
An efficient method for haploid induction is highly desirable for hybrid breeding protocols. As reviewed by Murovec and Bohanec (2011) , doubled haploid technology not only helps to overcome inbreeding depression in the production of homozygous lines, but also allows the fixation of mutations and screening in the first generation after the mutagenic treatment. Pollen irradiation is applied in both haploid induction and mutation breeding. The determination of an appropriate irradiation dose delivered to pollen grains that still allows pollen tube growth and induces embryo development is therefore essential.
In Cucurbita spp., efficient haploid induction protocols are based on the application of irradiated pollen to the stigma, triggering parthenogenesis by pseudofertilization. For this approach, mature pollen grains are exposed to various doses of gamma ray [squash (Cucurbita pepo L.; Kurtar et al., 2002) , pumpkin (Cucurbita moschata Duchesne ex. Poir.; Kurtar et al., 2009) , and winter squash (Cucurbita maxima Duchesne ex Lam.; Kurtar and Balkaya, 2010) ] or X-ray irradiation [styrian oil pumpkin (Cucurbita pepo L. subsp. pepo var. styriaca Greb.; Košmrlj et al., 2013) ]. The success of haploid induction has been very limited, with the majority of rescued embryos being a result of fertilization and therefore of zygotic origin. In contrast to other plant genera, in which irradiation doses for triggering haploid induction frequently exceed 900 Gy, this is not the case in C. pepo. In this species, the authors generally succeeded with doses of up to 100 Gy for gamma ray and from 200 to 300 Gy for X-ray, while irradiation of pollen with higher doses resulted in minimal or no embryo formation. An exception in the family Cucurbitaceae so far is muskmelon (Cucumis melo L.), in which higher doses (>300 Gy; gamma ray) were efficient and resulted exclusively in haploids (Sauton and Dumas De Vaulx, 1987) .
Only a few species of Cucurbitaceae have been described to have partially dehydrated pollen [watermelon (Citrullus lanatus (Thunb.) Matsumura & Nakai), cucumber (Cucumis sativus L.), red hailstone (Thladiantha dubia Bunge), bryony (Bryonia dioica Jacq.), Vietnamese gourd (Luffa aegyptiaca Mill.), and stuffing cucumber (Momordica pedata L.)] by Nepi et al. (2001) and Franchi et al. (2002) , while others belong to the group of species with partially hydrated pollen, which typically results in greater vulnerability to water loss. Moreover, several other unfavorable properties of C. pepo pollen were identified by the same authors, causing rapid viability loss in a few hours after anthesis. Published attempts (Kurtar, 2009) at in vitro germination of pumpkin and winter squash pollen showed that the germinability of nonirradiated pollen is low (18.3% and 22.6%, respectively). Because of their extraordinary size (100-200 µm), the pollen grains of C. pepo may suffer from even greater radiosensitivity (Brewbaker and Emery, 1962) .
There is no universal test to assess pollen viability, so the use of multiple tests is crucial for an accurate prediction of germinability and fertilization ability (Dafni and Firmage, 2000) . For subsequent use in breeding and research of styrian oil pumpkin, optimization of the irradiation and germination protocols is highly relevant. Our goal was to optimize the composition of the in vitro pollen germination medium so as to establish an optimal viability assay. An optimized protocol was then used for the study of pollen germinability following irradiation under 2 air humidity conditions. Additionally, the pollen diameters were measured to reveal differences in the diameter in relation to germination and treatment.
Materials and methods

Plant material
Pollen of the hybrid styrian oil pumpkin variety GL Opal (Saatzucht Gleisdorf, Austria) was used in this study. Plants were grown in the greenhouse of the University of Ljubljana, Biotechnical Faculty, Slovenia, using standard agronomic practices. The germination tests were conducted with pollen from anthers collected in the morning (from 0600 to 0830 hours) on the day of anthesis in June and July.
In vitro pollen germination and medium optimization
The pollen germinability was assessed with hanging drop culture in liquid Brewbaker and Kwack (BK) (1963) medium. A pollen mixture from at least 2 plants was prepared and sprinkled on 25-μL drops on the petri dish cover. The cover was then inverted over the bottom half of the petri dish containing approximately 15 mL of water and sealed with Parafilm to prevent moisture loss. Each petri dish contained 3 drops of germination medium. The pollen was allowed to germinate at 23 °C in the dark for 2 to 3 h. In order to determine the optimum medium composition for pollen germination, various parameters were tested, including variations in pH values, sucrose, polyethylene glycol 4000 (PEG 4000; Duchefa Biochemie, the Netherlands), and D-Mannitol (Duchefa Biochemie) concentrations.
With the optimized medium, the germinability of pollen irradiated at different doses using an X-ray unit (RX-650; Faxitron Bioptics, USA) was evaluated. To test whether air humidity during irradiation affects germination, 2 different air humidity conditions, room humidity (RH) and high humidity (HH; achieved by placing the petri dish containing pollen in a larger petri dish filled with water), were studied.
Germination assessment
Direct microscopy (Nikon Eclipse 80i; Nikon Corporation, Japan) was used to count the number of germinated pollen grains. Pollen was accepted as germinated when the pollen tube length was at least equal to or greater than the grain diameter. The germination of pollen grains was counted on 3 different optical fields at 40× magnification in each drop. The mean value of at least 3 petri dishes (each with 3 drops) per treatment was calculated and considered to be the germination rate. In total, the germinability of at least 300 pollen grains per treatment was assessed. The diameter of pollen grains was measured using Lucia Cytogenetics 2 software (version 2.3; Laboratory Imaging, Czech Republic).
Statistical analysis
ANOVA for 2-factor experiments was performed on the irradiated pollen germination data to evaluate the impact of X-ray irradiation at 9 doses (0, 100, 200, 300, 350, 400, 500, 600, and 700 Gy) and 2 air humidity conditions (RH and HH). Duncan's multiple range test was used for the comparison of averages of germination rates between treatments at a 0.05 significance level. The empirical distribution of pollen diameter was first tested for normality with the Shapiro-Wilk normality test. The shapes of the kernel density estimation of pollen diameter distributions for different treatments were compared using the Kolmogorov-Smirnov test and the permutation test. Statistical analysis was performed using the statistical software R (http://www.R-project.org/).
Results
Optimization of germination media
To determine the effect of pH on germinability, BK medium with the pH value adjusted to 5, 6, 7, 8, 9, 10, and 11 was used. The highest germination rate was found in the range between pH 8 and pH 10, with the optimum being at pH 9 ( Figure 1A ). Using BK medium at pH 9, the influence of 3 other medium components was tested. Sucrose concentrations of 10%, 12.5%, 15%, 17.5%, and 20% (w/v) were tested. Lower concentrations were found to be superior to higher, with the optimum at 12.5% ( Figure 1B) . BK medium containing 10% sucrose at pH 9 was supplemented with either mannitol or PEG 4000, at concentrations of 0%, 2.5%, 5%, and 10% (w/v), and investigated. The addition of mannitol resulted in a sharp decrease in germinability, between 0% and 2.5%, while higher concentrations totally inhibited germination ( Figure 1C ). The addition of PEG 4000 gradually decreased germination and caused complete inhibition at the highest tested concentration ( Figure 1D ).
Occasionally, polysiphony as well as pollen tube branching was observed. Figure 2 shows a typical example of such a pollen grain with 2 tubes emerging from a single grain.
Effect of different irradiation doses on germinability
The effect of the X-ray irradiation dose on pollen germination was tested at 2 air humidity conditions (RH and HH) using the previously optimized BK medium (12.5% sucrose and pH 9). Pollen of GL Opal was irradiated at 100, 200, 300, 350, 400, 500, 600, and 700 Gy under both conditions and was compared to a nonirradiated control (0 Gy). Figure 3 shows the germination rate against the irradiation dose for both humidity conditions (RH and HH). The nonparametric regression LOESS function was used for locally weighted scatter plot smoothing of the data. It is evident that the variability of the data depends on the irradiation dose and is much higher for the nonirradiated control (0 Gy) than for high doses. The data are portions of germinated pollen, so an arcsine transformation was used before ANOVA was performed. In the control treatment, germination reached 41.5 ± 1.0%. ANOVA showed that even at the lowest irradiation dose (100 Gy), pollen germination significantly decreased to 12.5% and 13.9% at RH and HH, respectively. Irrespective of treatment, an exponential decline in germinability was observed with increasing irradiation doses. The interaction between irradiation dose and treatment was statistically significant, showing a larger decline in germinability in the RH treatment than in the HH treatment at doses of ≥350 Gy, indicating less pronounced irradiation effects at higher doses at HH (Table 1) .
Pollen diameter
The diameters in the total pollen population obtained from 366 measured pollen grains (germinating and nongerminating) in the germination medium ranged from 79.2 to 196.5 µm, with a median of 134.9 µm. The kernel density estimate of the empirical distribution of diameters revealed the existence of 2 size subgroups within the GL Opal pollen population, with the center of the second group around 182 µm. Germinated pollen grains were of similar diameters in the control treatment (118.8-186.6 µm) and RH treatment (107.1-184.8 µm), while pollen grains of a wider range were able to germinate following HH treatment (86.9-190.7 µm). However, germinating pollen with a diameter of greater than 170 µm was rare in all groups. A comparison of the kernel density estimation of the grain diameter distribution is shown in Figure  4 . Based on the Shapiro-Wilk normality test, it can be concluded that none of the pollen diameter distributions are derived from a normally distributed population. The permutation test on the probability densities and the 2-sample Kolmogorov-Smirnov test revealed different germination responses among treatments; P-values are given in Table 2 . The diameters of germinating pollen from the nonirradiated and HH group were found to differ the most (P < 0.0001).
Discussion
In vitro pollen germination was extensively studied by Brewbaker and Kwack (1963) for a number of plant species, including genera of the family Cucurbitaceae (Cucumis, Lagenaria, and Momordica). Although semisolid modified BK medium was used to evaluate the effects of gamma irradiation on pollen germination in 2 species of Cucurbita (Kurtar, 2009) , the author did not provide any information on the optimization of in vitro germination conditions. Our improvement of the in vitro germination medium resulted in a high germination rate (41.5%) and was useful for the assessment of the impact of irradiation on styrian oil pumpkin pollen. In contrast with studies using sitting drop culture and semisolid medium in related species (Brewbaker and Kwack, 1963; Kurtar, 2009; Zaman, 2009) , we used liquid medium in hanging drop culture based on preliminary tests, in which solid medium and sitting drop culture consistently resulted in lower germinability (data not shown). While pH value was not found to be of major importance for cucumber pollen (Vižintin and Bohanec, 2004) , it seems to be essential in the genus Cucurbita. As with our results, Zaman (2009) concluded that pH values from 8.5 to 9 are optimal for a range of cucurbit species, whereas the germination values given in this reference appear improbable. Moreover, an optimal osmoticum concentration is crucial for maximal germination in vitro. Authors reported beneficial effects of PEG (Rihova et al., 1996; Conner, 2011) and to some extent also mannitol (Vasil, 1960; Rihova et al., 1996) as a substitute for sucrose or a supplement to sucrose-based medium. Based on our results, it can be concluded that the optimal sucrose concentration in liquid BK medium for styrian oil pumpkin is 12.5%, whereas the addition of PEG 4000 and mannitol is detrimental. Several factors are known to impair C. pepo pollen performance in vitro and in vivo. Even under natural conditions without the application of stress, C. pepo pollen viability decreases rapidly. The same was shown for winter squash pollen (Agbagwa et al., 2007) . The high water content (44.6%-50%) of C. pepo pollen at shedding (Nepi et al., 2001; Franchi et al., 2002) and high starch but low sucrose content (Speranza et al., 1997) are major causes for its vulnerability. Gay et al. (1987) observed no seed set when pollen water content fell below 24%, and, according to Brewbaker and Emery (1962) , drier and larger pollen suffers from greater radiosensitivity. Due to its size and the aforementioned characteristics, a rapid decline in the germinability of C. pepo pollen is expected if the pollen is not somehow protected during the irradiation procedure. With these limitations in mind, it is essential to evaluate the effect of irradiation on germinability prior to haploid Table 1 . The effect of irradiation method and dose on the germination of X-ray irradiated styrian oil pumpkin pollen. induction experiments. In our study, a significant drop in germinability was observed even at the lowest applied irradiation dose (100 Gy) in both tested methods (RH and HH) and a similar pattern was found in the fruit set and mean number of embryos per 100 seeds in a field trial using pollen irradiated under RH conditions (Košmrlj et al., 2013) . Less severe but still pronounced damage by irradiation in terms of germinability has been reported in a number of species, including tomato (Lycopersicon esculentum L.; Akbudak and Seniz, 2009) , walnut (Juglans regia L.; Grouh et al., 2011) , Cucumis spp. (Denissen and Den Nijs, 1987; Cuny et al., 1993) , and Citrus spp. (Kundu et al., 2014) , as well as pumpkin and winter squash (Kurtar, 2009) . Conversely, no significant decrease was observed in the germinability of pomelo pollen [Citrus maxima (Burm.) Merr.; Yahata et al., 2010] . Similar results were obtained by Sugiyama and Morishita (2000) in the fruit set of watermelon pollinated with soft X-ray-irradiated pollen, but the number of normal seeds still decreased with increased doses and reached 0 in 1 of the tested cultivars at 400 Gy. Assuming that fruit set follows the germinability pattern (Cuny et al., 1993) , in spite of drawbacks such as low embryo number or lower fruit set, and based on our results obtained in hull-less pumpkin accessions (Košmrlj et al., 2013) , in which fruits and embryos developed after pollination with pollen irradiated at 350 Gy RH, it can be concluded that when using irradiation at HH, embryos will be obtained with doses as high as 600 Gy, whereas only doses of up to 500 Gy are feasible with RH. An explanation of the observed differences between the 2 irradiation methods might be given by Nepi et al. (2010) , who observed a significant decrease in the viability of C. pepo pollen at 30% relative humidity after 1 h, whereas this decrease occurred after 2 h if the pollen was exposed to 75% relative humidity. It therefore appears crucial to maintain high humidity during irradiation. The kernel density estimate revealed the existence of 2 subgroups in the GL Opal pollen population. Generally, smaller pollen (near the median of the population) was more likely to germinate in vitro. However, when comparing the germinating pollen groups, a slight shift towards larger pollen grains was observed in the irradiated groups (RH and HH) and was more pronounced in the HH group. The finding of Brewbaker and Emery (1962) that larger pollen is less likely to germinate after irradiation thus might be true across species, but our results show a contrary situation within species. Similarly, Tejaswini (2002) found that in carnation (Dianthus caryophyllus L. and D. chinensis L.), in the presence of biological stress (culture filtrate of Fusarium oxysporum f. sp. dianthi), larger pollen grains exhibited higher germinability, suggesting an adaptation to environmental conditions. It can therefore be speculated that a certain diameter group of pollen might be favored in stress conditions and that a broad spectrum in pollen size serves as a survival strategy in an adverse environment.
It has been demonstrated that relatively more haploids (Chalak and Legave, 1997; Grouh et al., 2011) , or even exclusively haploids (Sauton and Dumas de Vaulx, 1987) , are obtained by pollination with pollen irradiated at higher doses, probably as a result of the so-called Hertwig effect, which has been shown to occur in animals (Hertwig, 1911) as well as in plants (Pandey and Phung, 1982) . The haploid induction protocol for styrian oil pumpkin (Košmrlj et al., 2013) and squash (Kurtar et al., 2002) , as well as for other Cucurbita spp. , resulted in a majority of zygotic diploids. Based on the assumption that more haploids are produced and are more likely to survive at higher irradiation doses, it is crucial to ensure pollen germinability after irradiation at higher doses in order to overcome the predominance of zygotic diploids. In conclusion, we confirmed that with a slight modification of the irradiation protocol (HH conditions), it was possible to conserve the germinability of irradiated pollen at doses as high as 600 Gy. Although not tested under field conditions, a higher frequency of haploids can now be expected, which is of great interest for breeding and research purposes. Moreover, the presented relationship between germinability and pollen diameter in C. pepo will allow for further studies of the application of stress and reproductive fitness under diverse environmental conditions. 
